Obesity may be viewed as a state of chronic low-grade inflammation that participates in the development of the metabolic syndrome. Nonalcoholic steatohepatitis (NASH) is considered a hepatic phenotype of the metabolic syndrome and a high risk for progression to cirrhosis and hepatocellular carcinoma. Although the "two hit" hypothesis suggests involvement of excessive hepatic lipid accumulation and chronic inflammation, the molecular mechanisms underlying the development of NASH remain unclear, in part because of lack of appropriate animal models. Herein we report that melanocortin 4 receptor-deficient mice (MC4R-KO) develop steatohepatitis when fed a high-fat diet, which is associated with obesity, insulin resistance, and dyslipidemia. Histologic analysis reveals inflammatory cell infiltration, hepatocyte ballooning, and pericellular fibrosis in the liver in MC4R-KO mice. Of note, all of the MC4R-KO mice examined developed well-differentiated hepatocellular carcinoma after being fed a high-fat diet for 1 year. They also demonstrated enhanced adipose tissue inflammation, ie, increased macrophage infiltration and fibrotic changes, which may contribute to excessive lipid accumulation and enhanced fibrosis in the liver. Thus, MC4R-KO mice provide a novel mouse model of NASH with which to investigate the sequence of events that make up diet-induced hepatic steatosis, liver fibrosis, and hepatocellular carcinoma and to aid in understanding the pathogenesis of NASH, pursuing specific biomarkers, and evaluating Nonalcoholic fatty liver disease (NAFLD) is characterized by increased accumulation of lipids in the liver without a history of excessive alcohol consumption or known liver disease.
Nonalcoholic fatty liver disease (NAFLD) is characterized by increased accumulation of lipids in the liver without a history of excessive alcohol consumption or known liver disease.
1 NAFLD often occurs with the metabolic syndrome, a constellation of visceral fat obesity, impaired glucose metabolism, atherogenic dyslipidemia, and elevated blood pressure, and is considered the hepatic manifestation of the metabolic syndrome. 2 Patients with nonalcoholic steatohepatitis (NASH), a subset of NAFLD, are at high risk for progression to cirrhosis and hepatocellular carcinoma (HCC). However, the molecular mechanisms involved in disease progression from simple steatosis to NASH to HCC are currently unclear. This is in part because there are no appropriate animal models that reflect a liver condition of human NASH, although many attempts have been made to generate animal NASH models via genetic, dietary, and pharmacologic approaches. 3 The pathogenesis of NASH is thought to involve a multistep process in which the first step is excessive accumulation of lipids in the liver. According to the "two hit" hypothesis, the development of NASH requires the presence of additional pathogenic factors such as oxidative stress, endotoxins, cytokines, chemokines, and lipotoxicity. 4 -6 Because NASH is often associated with visceral fat obesity, there should be a mechanistic link between the adipose tissue and the liver. 7 Adipose tissue secretes a large number of bioactive substances or adipocytokines such as leptin and adiponectin. Unbalanced production of pro-inflammatory and anti-inflammatory adipocytokines in obesity has been implicated in the pathogenesis of obesity-related complications including NAFLD. 7, 8 Indeed, deficiency of leptin signaling protects against hepatic fibrosis in several rodent models of chronic liver injury, 9 -11 which suggests that leptin may accelerate development of liver fibrosis. In contrast, studies in adiponectin-deficient mice have revealed that adiponectin is protective against development of hepatic fibrosis and inflammation. 12 The melanocortin 4 receptor (MC4R) is a seven-transmembrane G protein-coupled receptor that is expressed in the hypothalamic nuclei and is implicated in regulation of food intake and body weight. 13 Previous studies have identified many pathogenic mutations of the MC4R gene at a relatively high frequency in severe early-onset obesity, which suggests that MC4R mutations are the most common known monogenic cause of obesity in humans.
14 Some leptin biological actions are mediated, at least in part, via the central melanocortin system. 15 Indeed, mice with targeted disruption of MC4R have developed late-onset obesity associated with hyperphagia, hyperinsulinemia, and hyperglycemia. 16, 17 MC4R-deficient mice (MC4R-KO mice) fed a high-fat diet (HFD) exhibit massive hepatic steatosis and altered gene expression related to lipid metabolism. 18, 19 The role of MC4R in the pathogenesis of NASH, however, has not been elucidated.
Herein we report for the first time that MC4R-KO mice develop a liver condition similar to human NASH when fed an HFD, which is associated with obesity, insulin resistance, and dyslipidemia. Of note, they also demonstrate enhanced adipose tissue inflammation, which may contribute to excessive lipid accumulation and enhanced fibrosis in the liver. Moreover, they develop well-differentiated HCC when fed the HFD for a prolonged time. Our data suggest that MC4R-KO mice would provide a novel rodent model of NASH with which to investigate the sequence of events that make up diet-induced hepatic steatosis, liver fibrosis, and HCC.
Materials and Methods

Animals
MC4R-KO mice on the C57BL/6J background were a gift from Dr. Joel K. Elmquist (University of Texas Southwestern Medical Center, Dallas, TX). 13 Male C57BL/6J wildtype (WT) mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). The animals were housed in individual cages in a temperature-, humidity-, and light-controlled room (12-hour light and 12-hour dark cycle) and allowed free access to water and standard diet (CE-2; 343.1 kcal/100 g, 12.6% energy as fat; CLEA Japan, Inc.), unless otherwise noted. In the HFD feeding experiments, 8-week-old male mice were given free access to water and either standard diet or HFD (D12492; 524 kcal/100 g, 60% energy as fat; Research Diets, Inc., New Brunswick, NJ) for 8 or 20 weeks. Detailed dietary composition of the standard diet and HFD is given in Supplemental Table S1 (available on http://ajp.amjpathol.org). At the end of the experiments, the animals fed ad libitum were sacrificed after administration of 30 mg/kg i.p. pentobarbital anesthesia. All animal experiments were conducted in accordance with the guidelines of the Tokyo Medical and Dental University Committee on Animal Research (No. 100098).
Blood Analysis
Blood glucose concentration was measured using the blood glucose test meter (Glutest PRO R; Sanwa Kagaku Kenkyusho Co., Ltd., Nagoya, Japan). Serum alanine aminotransferase, triglyceride (TG), free fatty acid (FFA), and total cholesterol concentrations were measured using the respective standard enzymatic assays. Serum concentrations of insulin and adipocytokines were determined using the respective enzyme-linked immunosorbent assay kits (insulin, Morinaga Co. Ltd., Tokyo, Japan; adiponectin, Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan; and leptin and IL-6, R&D Systems, Inc., Minneapolis, MN). The homeostasis model assessment insulin resistance index was calculated as [fasting glucose (mg/ dL) ϫ fasting insulin (U/mL)]/405.
Hepatic TG Content
Total lipids in the liver were extracted using ice-cold chloroform and methanol, 2:1 (v/v). TG concentrations were measured using an enzymatic assay kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 20 
Histologic Analysis
The liver and epididymal white adipose tissue were fixed with neutral-buffered formalin and embedded in paraffin. Two-micrometer-thick sections of liver were stained using H&E, Masson's trichrome, and Sirius red. 20, 21 The presence of ␣-smooth muscle actin (␣-SMA) and ␣-fetoprotein was detected at immunohistochemistry using mouse monoclonal anti-human ␣-SMA antibody (Dako A/S, Glostrup, Denmark) and polyclonal goat anti-human ␣-fetoprotein antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), respectively. 20 Areas positive for Sirius red and ␣-SMA were measured using WinROOF software (Mitani Corp., Tokyo, Japan). Five-micrometer-thick sections of the epididymal white adipose tissue were stained using anti-mouse F4/80 antibody. 22, 23 The number of nuclei surrounded by F4/80-positive cells was counted in a 10 mm 2 area of each section and expressed as the mean per millimeter squared for quantification of F4/80-positive macrophages. Liver histologic features were assessed by two investigators (S.T. and I.S.) who had no knowledge of the origin of the slides according to the NASH clinical research network scoring system. 24 In brief, an NAFLD activity score higher than 5 was considered "definite NASH." 24 The liver fibrosis score was determined semiquantitatively as follows: stage 0, no fibrosis; stage 1, periportal or perisinusoidal fibrosis; stage 2, periportal plus perisinusoidal fibrosis; and stage 3, bridging fibrosis. 24 
Quantitative RT-PCR
Total RNA was extracted from the liver and epididymal white adipose tissue using Sepasol reagent (Nacalai Tesque, Inc., Kyoto, Japan). Quantitative RT-PCR was performed using the ABI Prism 7000 Sequence Detection System with PCR Master Mix Reagent (Applied Biosystems, Inc., Foster City, CA) as described previously. 23 Primers used are given in Table 1 . mRNA levels were normalized to those of 36B4 mRNA.
Measurement of Serum Hydroperoxides
The total amount of organic hydroperoxides in the serum was measured at spectrophotometry using the derivatives of reactive oxygen metabolites test (FREE Carpe Diem; Diacron International SAS, Grosseto, Italy). Hydroperoxides are intermediate oxidative products of lipids, peptides, and amino acids, and their concentrations represent an index of oxidative injury. This method is described in detail elsewhere. 25 In brief, 20-L serum samples were added to 1 mL assay mixture, gently mixed, and incubated for 3 minutes at 37°C. The absorbance increase at 505 nm was monitored for 2 minutes. 
TG Secretion Rate
The TG secretion rate was measured as previously described. 26 In brief, 500 mg/kg body weight tyloxapol (Triton WR-1339; Sigma-Aldrich Corp., St. Louis, MO) was injected via the tail vein into mice that had been fasted for 5 hours. Serum TG concentrations were measured at 60 minutes after injection. The TG secretion rate was calculated from the increment in TG concentration per minute multiplied by the serum volume of mice (estimated as 3.5% of body weight in grams) and expressed in milligrams per minute per 100 g body weight.
Statistical Analysis
Data are given as mean Ϯ SE. P Ͻ 0.05 was considered statistically significant. Statistical analysis was performed using analysis of variance followed by Scheffé's test.
Results
Metabolic Phenotypes of MC4R-KO Mice
Throughout the experimental period, MC4R-KO mice demonstrated accelerated body weight gain relative to WT mice fed either the standard diet or the HFD ( Figure  1A ). Both the WT mice fed the HFD and the MC4R-KO mice fed the standard diet exhibited increased adiposity relative to the WT mice fed the standard diet ( Figure  1B ). Although increased adiposity was observed in MC4R-KO mice at 8 weeks of HFD feeding, there was no further increase or decrease in adipose tissue weight thereafter ( Figure 1B ). In contrast, MC4R-KO mice exhibited a time-dependent increase in liver Both genotypes fed the HFD exhibited insulin resistance, and MC4R-KO mice fed the HFD exhibited a significant increase in serum FFA concentrations relative to WT mice ( Table 2) . Dysregulation of adipocytokines was also marked in MC4R-KO mice fed the HFD relative to WT mice ( Table 2, and Supplemental Table   S2 at http://ajp.amjpathol.org). Serum alanine aminotransferase concentrations were significantly increased in MC4R-KO mice fed the HFD relative to any other groups (Table 2 ). In essence, these observations are consistent with previous reports that described the metabolic phenotypes in the liver in MC4R-KO mice, which were generated using different strategies. 18, 19 Collectively, our data indicate that MC4R-KO mice fed 
Lipid Metabolism and Oxidative Stress in Liver from MC4R-KO Mice
Next examined was lipid metabolism and oxidative stress in liver from MC4R-KO mice fed the HFD. Although histologic examinations revealed minimal lipid accumulation in liver from WT mice fed the HFD for 8 weeks, liver from MC4R-KO mice exhibited massive microvesicular steatosis in the centrilobular and portal areas (Figure 2A ). Expression of mRNAs for de novo lipogenesis (fatty acid synthase and acetyl-CoA carboxylase 1) was markedly increased in liver from MC4R-KO mice relative to WT mice at 8 weeks ( Figure 2B ), as previously reported. 18, 19 In addition, expression of mRNAs for fatty acid oxidation (peroxisome proliferator-activated receptor-␣ and carnitine palmitoyltransferase 1A), and TG secretion (microsomal triglyceride transport protein) and TG secretion rate were increased in liver from MC4R-KO mice ( Figure  2 , C-E). These observations are consistent with lipid metabolism in human NASH. 27 In contrast to the changes in hepatic expression of lipogenic genes in MC4R-KO mice ( Figure 2B ), WT mice exhibited up-regulation of lipogenic genes only after 20 weeks of HFD feeding (data not shown), which suggests that hepatic steatosis develops much faster in MC4R-KO mice than in WT mice. There was a marked increase in mRNA expression of the NADPH oxidase components (p40 phox , p47 phox , p67 phox , gp91 phox , and p22 phox ), and a slight increase in mRNA expression of antioxidant enzymes (superoxide dismutase 1 and catalase) in the HFD-fed MC4R-KO mice relative to any other groups (see Supplemental Figure S1 , A and B, at http://ajp.amjpathol.org). Serum concentrations of derivatives of reactive oxidative metabolite were significantly increased in MC4R-KO mice fed the HFD (P Ͻ 0.01; see also Supplemental Figure S1C at http://ajp.amjpathol.org).
Lipid Accumulation and Fibrosis in Liver from MC4R-KO Mice
After HFD feeding for 20 weeks, microvesicular steatosis was observed uniformly, and moderate inflammatory cell infiltration in liver from WT mice ( Figure 3A) , whereas liver fibrosis was rarely observed at this time point (Figure 3, B-D) . In contrast, liver from MC4R-KO mice fed the HFD exhibited microvesicular and macrovesicular steatosis, ballooning degeneration, and Figure 3A ). Masson's trichrome and Sirius red staining revealed marked pericellular fibrosis in liver from MC4R-KO mice fed the HFD (Figure 3, B-D) . In addition, the area positive for ␣-SMA was markedly increased in MC4R-KO mice relative to WT mice fed the HFD for 8 and 20 weeks (P Ͻ 0.05 and P Ͻ 0.01, respectively; Figure 3 , E and F). Histologic analysis demonstrated a significant increase in the NAFLD activity and fibrosis scores in MC4R-KO mice at 8 and 20 weeks of HFD feeding ( Figure 3, G and H) . Expression of mRNAs for fibrogenic genes (transforming growth factor-␤1; collagen, type 1, ␣1; metalloproteinase-2; and tissue inhibitor of metalloproteinase 1), and inflammatory genes (macrophage marker F4/80 and tumor necrosis factor-␣) was increased in liver from MC4R-KO mice relative to WT mice after 20 weeks of HFD feeding (Figure 4) . Together, these observations suggest that MC4R-KO mice fed the HFD develop liver fibrosis accompanied by histologic pathognomonic features of human NASH: inflammatory cell infiltration, hepatocyte ballooning, and pericellular fibrosis.
1,24
Development of HCC in MC4R-KO Mice
After feeding the HFD for 1 year, mild fibrosis was observed in WT mice, which was much more accelerated in MC4R-KO mice (see Supplemental Figure S2 at http:// ajp.amjpathol.org). Moreover, multiple liver tumors were observed in all of the MC4R-KO mice examined (n ϭ 5) ( Figure 5A ). Microscopic analysis revealed that the tumors form discrete nodules surrounded by non-tumor liver tissue ( Figure 5B ). Normal liver architecture was lost, and irregular and thick trabeculae were observed in the tumors ( Figure 5C ). The tumor cells exhibited severe dysplasia, with an increased nuclear-cytoplasmic ratio, enlarged and hyperchromatic nuclei, and fat deposition in the cytoplasm ( Figure 5C ). Immunohistochemical analysis revealed that the tumors express ␣-fetoprotein, a widely recognized marker of HCC ( Figure 5D ). In contrast, at 20 weeks and even at 1 year, there was no appreciable collagen deposition and tumor development in liver from MC4R-KO mice fed the standard diet (Figures 3 ; see also Supplemental Figure S2 at http://ajp. amjpathol.org). To elucidate the involvement of the inher- ent dysregulation of inflammation and fibrogenesis in MC4R-KO mice, we examined the liver and adipose tissue phenotypes in 8 week-old MC4R-KO and WT mice. There was no significant difference in mRNA expression of pro-fibrotic and inflammatory genes between the genotypes at this time point (see Supplemental Figure S3 at http://ajp.amjpathol.org). These observations suggest that in addition to liver fibrosis, MC4R-KO mice fed the HFD develop multiple liver tumors with histologic characteristics of well-differentiated HCC.
Inflammatory and Fibrotic Changes in Adipose Tissue from MC4R-KO Mice
Recent evidence has suggested that obese adipose tissue exhibits chronic inflammatory changes characterized by macrophage infiltration and fibrosis, which may contribute to ectopic lipid accumulation and systemic insulin resistance. 28, 29 In the present study, macrophage infiltration and pro-inflammatory cytokine expression were markedly increased in the epididymal white adipose tissue from MC4R-KO mice relative to WT mice after 8 weeks of HFD feeding, although the epididymal white adipose tissue weight was almost comparable between the genotypes ( Figure 1B and Figure 6, A and B) . Moreover, a marked increase was observed in collagen deposition and in transforming growth factor ␤ 1 and in collagen, type 1, ␣1 mRNA expression in the epididymal white adipose tissue from MC4R-KO mice relative to WT mice ( Figure 6, C and D) . These observations suggest that adipose tissue inflammation is markedly enhanced in MC4R-KO mice relative to WT mice during HFD feeding, along with dysregulation of adipocytokine production in MC4R-KO mice (see Supplemental Table S2 at http:// ajp.amjpathol.org).
Discussion
According to the two-hit hypothesis, the pathogenesis of NASH may involve at least two processes: excessive accumulation of lipids in the liver and enhanced liver fibrosis. To understand the molecular mechanism underlying the development of NASH, many animal models of hepatic steatosis and liver fibrosis have been described. Herein we demonstrate that MC4R-KO mice fed an HFD for a relatively short time (20 weeks) exhibit a liver condition similar to human NASH, in addition to obesity and insulin resistance. As a model of hyperphagic obesity, ob/ob mice exhibit severe hepatic steatosis, although 2011, Vol. 179, No. 5 they are resistant to liver fibrosis. 3 Moreover, animals with diet-induced obesity exhibit hepatic steatosis and develop mild liver fibrosis only after long-term (usually longer than 1 year) HFD feeding, 30, 31 as was observed in the present study. In contrast, chemically induced liver fibrosis is not accompanied by obesity, insulin resistance, and hepatic steatosis. 3 Dietary deficiency of methionine and choline also contribute to development of steatosis and mild fibrosis, without obesity and insulin resistance. 3 In this regard, Larter et al 32 recently reported that foz/foz mice, carrying truncating mutation in Alms1, demonstrated both obesity and NASH-like liver histologic features during long-term feeding of an HFD. This study has established MC4R-KO mice fed the HFD for a relatively short time as a novel rodent model of NASH with obesity, insulin resistance, and excessive accumulation of lipids and enhanced fibrosis in the liver.
Itoh et al
NASH is a severe form of NAFLD, and can progress to cirrhosis and HCC. However, there have been no appropriate animal models in which NASH progressed to HCC during the course of obesity. Indeed, there are a few genetic models of liver fibrosis and HCC: mice with liverspecific disruption of phosphatase and tensin homolog deleted from chromosome 10 and those lacking methionine adenosyltransferase 1A, although they do not exhibit obesity and insulin resistance. 33, 34 In the present study, we have demonstrated that MC4R-KO mice, when fed the HFD over the long term, develop multiple liver tumors with histologic characteristics of well-differentiated HCC. In MC4R-KO mice fed the HFD, enhanced pro-inflammatory cytokine production and fibrotic changes preceded development of multiple liver tumors, which is consistent with a recent report by Park et al 35 that increased production of tumor necrosis factor-␣ and IL-6 in obesity is involved in promotion of carcinogen-induced hepatic tumorigenesis. Collectively, MC4R-KO mice would provide a novel mouse model of NASH with which to investigate the sequence of events that make up diet-induced hepatic steatosis, liver fibrosis, and HCC or how overnutrition leads to hepatic steatosis and liver fibrosis and eventually to HCC.
During the course of obesity, there might be complex interactions between the adipose tissue and the liver (the adipohepatic axis) in the pathogenesis of NASH. 6, 7 In the present study, enhanced adipose tissue inflammation, ie, increased macrophage infiltration and fibrotic changes, was observed in MC4R-KO mice relative to WT mice during the HFD feeding. We previously have demonstrated that cross-talk between adipocytes and macrophages in obese adipose tissue results in marked upregulation of pro-inflammatory adipocytokines such as tumor necrosis factor-␣ and significant down-regulation of anti-inflammatory adiponectin. 36 Of note, saturated fatty acids, which are released in large quantities from hypertrophied adipocytes via macrophage-induced lipolysis, may act as an endogenous ligand for the Toll-like receptor 4 complex. 37 Moreover, FFAs, when overproduced in the visceral fat depots through the cross-talk between adipocytes and macrophages, may enter the liver via the portal vein. Indeed, MC4R-KO mice demonstrated increased serum concentrations of FFA relative to WT mice during the HFD feeding. It is, therefore, likely that enhanced adipose tissue inflammation in MC4R-KO mice causes dysregulation of adipocytokine production and FFA release, thereby contributing to the NASH-like hepatic phenotype. Also observed was a marked increase in collagen deposition in white adipose tissue from MC4R-KO mice. Khan et al 38 recently reported that in collagen VI-deficient mice extracellular matrix components, when increased in obese adipose tissue, inhibited adipose tissue expansion. This is consistent with a recent clinical study that demonstrated that adipose tissue fibrosis is negatively correlated with adipocyte diameter in obese humans. 39 Moreover, McQuaid et al 40 reported that the lipid storage function in adipose tissue is negatively associated with ectopic lipid accumulation in obese humans. It is, therefore, conceivable that both adipose tissue macrophage infiltration and fibrotic changes increase the release of FFAs, thereby contributing to excessive fat accumulation in the liver in MC4R-KO mice. Together, these observations suggest that enhanced adipose tissue inflammation has a role in development of NASH as both the first and second hits in MC4R-KO mice. These data suggest that MC4R-KO mice are useful for investigation of the role of the adipohepatic axis in the development of NASH.
Because MC4R mRNA expression is restricted to the hypothalamus and other brain regions 41 and is undetectable in liver from WT mice fed the HFD (Itoh et al, unpublished data, 2010), it is likely that the hepatic phenotype in MC4R-KO mice results from loss of function of MC4R in the brain. In the present study, MC4R-KO mice demonstrated increased expression of mRNAs for de novo lipogenesis, fatty acid oxidation, and TG secretion relative to WT mice fed the HFD. This is consistent with a recent report by Nogueiras et al 42 that short-term pharmacologic blockade of the central melanocortin system in WT mice results in increased expression of de novo lipogenic genes and microsomal TG transport protein in the liver. Evidence has accumulated suggesting that the brain and liver interact via neuronal pathways, central insulin signaling regulates glucose metabolism in the liver, and peroxisome proliferator-activated receptor-␥ activation in the liver modulates energy expenditure and systemic insulin sensitivity via the sympathetic nervous system. 43, 44 In this regard, we previously reported that the central melanocortin system is involved in renal macrophage infiltration in a mouse model of renal fibrosis. 21 This discussion also supports the concept that MC4R signaling in the brain is involved in excessive accumulation of lipids and fibrosis in the liver in MC4R-KO mice.
Because MC4R-KO mice exhibited hyperleptinemia, leptin signaling may have a role in the pathogenesis of the hepatic liver phenotype in MC4R-KO mice. Indeed, deficiency of leptin signaling protects against hepatic fibrosis in several rodent models of chronic liver injury. 9 -11 Exogenous leptin administration also accelerates carbon tetrachloride-induced liver fibrosis in WT mice. 45 These findings led us to speculate that leptin acts as a pro-inflammatory and pro-fibrotic cytokine in liver fibrosis. However, obesity is associated with the reduced ability of circulating leptin to regulate energy homeostasis or central leptin resistance. 46 Inasmuch as leptin receptors are widely expressed in peripheral tissues including the liver, 47 leptin may act directly on the liver to induce inflammation and fibrosis. If so, it would be important to know whether leptin is effective in the peripheral tissues in obesity. Further studies will be required to elucidate how hyperleptinemia is involved in development of the hepatic phenotype in MC4R-KO mice. It would be interesting to generate tissue-specific leptin receptor-deficient mice and/or MC4R-KO mice crossed with ob/ob mice for the next phase of study.
In conclusion, the present study is the first to demonstrate that MC4R-KO mice develop a liver condition similar to human NASH when fed an HFD, which is associated with obesity, insulin resistance, and dyslipidemia. Of note, they develop well-differentiated HCC after longterm HFD feeding. Our data support the concept that NASH develops from a combination of excessive lipid accumulation in the liver and systemic and/or local chronic inflammation. Thus, MC4R-KO mice would provide a novel mouse model of NASH with which to investigate the sequence of events that make up diet-induced hepatic steatosis, liver fibrosis, and HCC, and thus aid in understanding its pathophysiologic features, pursuing specific biomarkers, and evaluating potential therapeutic strategies.
